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ABSTRAH

To improve undcrstaniiing of multiple-photon absorption by polyatomic

molecules, we have performed a series of experiments wherein n puiscd

C02 laser irradiated 0.02 to 0.08 torr samples ofSF6 at 14S K. A CK probe

luscr monitored the timtt response of the inducccl absorption rr trunsrnission

at many CO laser lines that Jrc in or near the v.
2

~ absorption of S1:(,.

The experiments covered n 40-fold flucncc range and probe times out to

4 ms. h’c conclude th;lt the ilhSOrhCd liiscr rilLiatiOll produces :1 nontl]rrm;ll

vibrational-energy distrihutic)n uncl thnt intcrmolcculur vit)ration:ll-

cncrgy tr:lnsfcr is import:lnt ilt curly times ir] rmlistrihut in}: tll~’

ubsorlml cncrgym Ku ;I]su discllss thu influence of other nrl~tsussl’s

on the inclucvd stwcrruml
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INTRODLCTION

The experimental determination of the intramolecular distri-
bution of vibrational energy following infrared laser cxcitatian
of polyatnmic molecules has been a goal of many researchers in
recent years. OIIC popular method of investigation has been the
pulse-probe technique with SEG and similar species.

This paper reviews some of our own work with SF6 (RPI. 1
gives a more complete account) and gives sorer general concllI-
sions about the kind of information these experiments can ~ivc.

We prrformvd our exprrimeuts at low Wmprraturr (145 K]
and pressure (0,02 to 0,08 t~rr) and with a 30-fold laser flu-
enw rangr (0.018 to 0.54 J/cmz). The probe lasrr covcrrd the
frequency rallgc of thr SF[;, UX absorption tinnd. The procrdurc
W(’ USC(I ~ilVC’ ti fairly complctr rnupping nf W im!uccd spcc~rum
of this specirs for M variety of experimental conditio[ls.



EXPERIMENTAL
We show a diagram of the apparatus used in these experiments

in Fig. 1. A sample of cold, low-pressure SF6 was irradiated
with a pulsed COZ lzser while monitoring Lhe intensity of the cw
COZ probe laser after it passed through the irradiat~r! region. A
transient digitizer-minicomputer processed the det r signals
and temporarily sLored them.
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Fig. 1. ApparaLus diagram for pulse-probe experiments.

The cold S1:6 absorption cell was a l .00-m-long hy 2.54-cnl-id
cylinder with Csl windows that contained Lhe SF6 gas sample. ii
cooling jacket surrounded this iylindcr, and a cyllndricfil vncumn

jacket with KC] windows PIIclosrd thr if~nrr cy]iuder and roolillg
jacket . The crl] Lcmpcruturc was ]45 2 3 K !“or iIll exp~’rinlt’IILs.

tic operated the pulsed Coz laser with a Hr-COz g;IL mixtllrr

(110 NJ ttlilL gnve multimode p(llses (180 ns FWlld) with no lcIng
“tail,”, An intrac~vity iris iInd long focal-lcnglh mirrors roll-
trollcd the spati~) profile o! thr bctim iIl thr Jl)sorption crllm
I)ulsc energirs were luwurrd hv attrnuiiting the hcam with n set of
]Jartially-rcfl(’rt il)g grrm;lni;ml flllts Lllilt t)il(l anlirrflcctiotl
cofltings OII onr sid(’m The pulse cn(-rgy was rrpruducihlr to i5%.
Tilh](’ 1 givrs ilV(?rilg(’ illllollll[ Of cnrrgy ahsorlwd p(’r mol(’culu at
thr !“luunrcs iInr.1prcsfiurrs wv used ill our ~x~)urinmnLsm



Table 1. Fluence (0) and Energy Absorbed per molecule (qj,
Averaged Along Probe Pa~h

,_...—
0 (J/cm2) 0.02 Lorr

0.54 3.7 2.1 2.2
0.19 1,4 1.1 0.89
0.048 0.42 0.33 ~,~g
0.016 0.15 0.13 0.11

The laser power was about 0.1 W at the absorption cell. The beam
was a few millimeters in diameter, yielding an intensity of about
1 W/cmz near the beam center.

Detectors D] and D2 were HgCdTe photovoltaic infrared detec-
tors (SAT) with the total circuit-response time estimated to be
20 ns. D1 was used to keep the laser power and frequency stable
and both detectors were employed to take absorption spectra over
the laser gain band. For the pulse-probe experiments : Tektronix
R7912 Transient Digitizer took the signal from detector D2 for
the time period shortly before, during, and after the laser
pulse, and digitized and stored the trace. The monochrcmxitor was
used with all experiments having delay times shorter than 5 ns,
to discriminate effectively against Lne pulsed last? radiation at
short time,

The pulse and probe beams crossed within the absorption
cell. We attemptcrl to keep the beam geometry the same for all
experiments . The centers of the two beams were 0.50 cm i]part at

thr entrance ~nd exit. windows of the inner cylinder of the iibsor]l-
tion cell and thp rtidial profile of the pulsed hr.lm W;IS vrry
netirly Gaussian with a raJius p~ramctcr of 0.50 cm.

EXPERIMENTALRESULTS

Rcfcrencr 1 givvs the prorcdurcs for converting thr prim;lry
di]tfi to grophs of absorption cross fiertion vs Lime or frrqucncy.
In Figsm 2-6, wr show examples of t.hcsv f!rilplls. “1’hr curvrs cuvcr
t.hc Lirnc period during :ind shorLly il!t~:r thr pump-lasrr pulsr for
a variety of cxporimrlltti] conditions (S(!1’ l’ill)l(’ 1). Th(!y show

Lllilt puml$ flucnco, SF~ pr:!sfiurrl afld prol)u-ltisur frcqucnry illl
hiivc ii major c[fccl oli the prohv sign~ls.

Thr “on line”, “off line” l:fhr]s in FiNsm 3 and 4 r(’fcr to
the frequency 0! th[! prohu liIscr rclulive to strong Jbsorptioll
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Fig, 2. Absorption cross section vs time for SF6 at 145 K.
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Fig. 4. Absorption cross section vs time for SF6 at 145 K.
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Fig. 6. Absorption cross section vs time for SF6 at 145 K.

features. The frequency difference between the “on line” and
“off line” curves is about 25 MHz. From the pulse-probe data,
one can also construct composi~e spectra at different times for
various experimental conditions. Figures 7-9 give examples of
these composite spectra.

In Fig. 7, we see the evolution of thu spectrum during and
shortly after ~he laser pulse for thu highest fiuence and pres-
sure we employed. S1.ra.gh~ lines connect all data poinLs in this
and subsequent figl,res, lhc largr feature in the unexcited spec-
trum (L = O) is due LO ‘ZSFG, and thr smaller featurr is dur to
34s~G, The thcrrnal spectrum is for thr vibrational tcmpcri)turr
one obtains (670 K in this case) from a therm’1 distribution of
the absorbed energy among the vibrational dcgrrrs of frredom.
In Fig. 8 wc show spectra for several fluences at 0.40 ps, which
is at Lhc cnd of the exciLing pulsu.

l’hr induced spectrum of this band relaxes bark Lo the orig-
i;]ill 145 K spectrum ovrr a vrry long time period. Figurr 9 shows
surcLra at various timrs durinu Lhat rcloxatioll nrriod aftrr
irradiation with au average flucl~~r of 0.54 J/en?. .

DISCUSS1ON

Wr mokr sorer q[lilliLiitivl. ~ ‘Wilt.

the~c data and thosr daLa olh!rs havu
011% illlll COII(.lUH’ 011S illlOUt
obLained. rlany phellom’!llfl
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Fig. 7. Absorption cross section vs frequency at successive
times after the beginning of the laser pulse. The
thermal spectrum is from Ref. 8 (670 K).
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Fig. 9. Absorption cross section vs frequency at successive
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can and do contribute to the observed probe signals. Let us coH-
sider some of them.

For our conditions of low temperature, low pressure, and
high SF6 oscillator strength, saturation of a given transition
prc,be laser could occur well below 1 ink’/cm2. The satural.ion
intensity will, of course, depend on the frequency of the probr
la~cr. Where the cross section is low, the saturation intensity
is higher. The probe intensity in our experiments was on thr
order of 1.0 W/cmz. Therefore, we should expect LO see effects
of probe-laser saturation in our experiments.

For ti,nes before or well after perturbation by the pulsr
laser, the rate of absorption of energy from the probe brJnl
approaches a steady state. Because collisional processes such as
ro~ational relaxation, velocity changing collisions, and power
broadening all enhance that absorption rate, one would expect thr
measured probe laser absorption cross section in the steady-state
regions to increase with pressure for the frequencies that do
saturate.



We see this evidence of probe laser saturation in the exper-
iments. In Figs. 2, 3, and 6 we see a monotonic increase of
absorption cross section with pressure aL times beyond 1 ps.
There are, of course, other pressure dependent effects in this
time period. Saturation effects play some role in the absorption
process, but we should not attribute all pressure effects LO
saturation.

The pump laser will perturb the probe laser’s steady-state
absorption iate. It may preferentially excite either the upper
level or the lower level of the probe laser transition, and it
may excite other species whose subsequent spectrum has a higher
absorption cross section at the probe frequency. After perturb-
ation by the pulsed laser, the time necessary to return the
levels coupled by the probe laser to a steady-state rate could be
shorter than the pulse length for some frequencies. We may see a
transient absorption if the pump laser depletes the upper of t~o
levels connected by the probe, or a transient transparency if the
pump laser depletes the lower level. The net change in probe-
laser absorption cross section before and after the laser pulse
is a measure of the change of population of species that interact
with the probe frequency.

The transient signals we see in the first 0.5 ps in Figs. 3,
4, and 5 could be due to the pump laser depletion of the levels
connected by the probe laser. This effect should give iarger sig-
nals at lower pressure as we see in Figs. 3 and 5; and it should
give positive transients (i.e., increased absorption cross szc-

tion) at the “off line” frequencies as we see in Figs. 3 and 4.

Another effect that probably contributes to the transient
signals during the pump pulse is Rabi splitting of levels that
are at or near the energy of the upper or lower probe levels,6
If, for example, ~he pump laser is the right frequency to couple
the upper probe level with a higher om, the resulting Rahi
splitting will produce a transient absorption in the wings of a
line and a transient transmission near the line cenLer. This is
precisely what we see in Fig. 4.

The effects we have discussed here are relevant to other
experiments a,s well. The conditions for Deutsch and Bruecks’s

experiments2’J were similar to ours. They also saw transient
absorption signals similar to Fig. 5. Kwok and Yablonowitchs
observed rapid transient absorption during much shorter (30 ps)
pulses. In both of these experiments the effects we discussed
could have contributed to the observations.

Rotational relaxation processes could modify the induced
spectrum in two ways: First, by contritiuting to the amount of



pulse laser eilergy absorbed by the sample; and second by moc!ify-
ing the rotational energy distributicu (and hence, the induced
spectrum) during as well as after the iaser pulse. Table 1 shows
that the amount of absorbed laser energy increases with pressure.
A major contribution to this effect is the feeding of molecules
by rotational relaxation processes into states that have high
absorption rates. This effect can be quite large, even for
pressures that are as low as the ones we used in these experi-
ments. 9 The pressure trend we see in Figs. 2 and 3 may be influ-
enced by this increase of absorbed energy with pressure as well
as by the saturation effect we discussed ab>ve. The relaxation
time for the prccess that Moulton, et al.6 attribute to rotation-
al energy redistribution is 36-ns-torr for SF6 at room tempera-
ture. A correction for collj.sion rate alters this time to 25-ns
torr at the temperature of our experiments, 145 K. This gives
rotational-relaxation times of 300 ns at 0.08 torr. The broad-
ening of the spectrum to higher frequency with time during and
shortly after the pulse {Fig. 7) is probably due to collisional
excitation of higher energy-rotational states.

It will be difficult for us to determine the rate of colli-
sionless, intramolecular V-V energy transfer. llany experiment-
ers2’3’5’10 have attempted to measure the ra~e of this elusive
process in SFG, and the times they have reported differ by many
decades. We would be able to observe changes in the spectrum
from this urocess only if they would occur on a time scale on the
order of tile laser pulse length. If the time scale for the pro-
cess were shorter than *.hc pulse length, the changes in the spec-
trum would tend to follow the p~lse, and if it were much longer
than the pulse length, collisional processes would dominate. A
detailed analys;s of the induced spectrum could perhaps determine
whether or not the absorbed energy remained for any leng~h of
time in the noimal mode. Until recently the indications were
that vibrational excitation in the V3 normal mode would give a
much greater enharmonic frequency shift than the same amount of
vibrational energy statistically distributed among all normal
modes of the molecule. (See, fcr example, the analyses in Refs.
2 and 3). The recent analysisll of the 3V3 overione band of SF5
indicates that this is not so. The anharmonicity constan~, X33,
is about half of the previous estimate. lz The effects of enhar-
monic splitting within the V3 mode are greater than the small
differences between (1) the enharmonic shifts due to excitation
in the V3 mode and (2) those from a statistical distribution of
the same energy among all modes,8’]2 This reevaluation of X33
clouds the interpretations others “4’16 have made abouL intra-
molecular vibrational energy transfer.

Because of these spectroscopic reasons it will also be
difficult to diagnose the effect of collisional intramolecular



v-v
and
the

energy transfer. If the collisionless process were rapid,
if it produced a random in~;a-molecular energy distribution,
collisional process would play no role.

The case for extracting intermolecular V-V energy-transfer
information from the pulse-prcbc experiments is better. It is
clear from many experiments, including those we report hei-e, that
the vibrational-energy distribution that a pulsed-C9z laser
produc-s in low pressure SF6 is one that deviates significantly
from a thermal distribution. The frequency shift of the spectrum
is roughly proportional to the amount of vibrational energy.B
Intermolecular V-V energy-transfer processes drive the population
from the initial nonequilibrium distribution towards one describ-
able by a single vibrational temperature. For example, we see in
Fig. 7 that changes in the sFectrlun occur between 0.4 pi and 1.0
ps that are consistent with the redistribution of the available
vibrational energy. We see similar changes between the 5 and 20
ps in Fig. 9. Over this time period the low-frequency tail and
the band center portion of these spectra fall, while the inter-
mediate portion rises and the peak of the spectra shift to lower
frequencies. Thus, the 20 ps spectrum is much nearer the thermal
spectrum. One would expect some changes on this time scale since
the mean time between gas-kinetic collisions is abouL 1 ps at
O.Oli ~OL”r. These changes are consistent with dc-excitation of
high-energy species along with excitation of lower-energy sper:
ies, i.e., intermolecular V-V energy Lransfcr. Bates, eL. all’]
give 1.5 ps-torr for an intermolecular V-V relaxation time in
rocm temperature SFG. ‘his Translates to 1.0 ps-Lorr for our
temperature. This is consiste:lL with the relaxiiLion time we
derived from our exprrimcnLs of 1-2 ps-torr.

l)euLsch and Ilrucckz,q observed similar chang~is in thr
induced spectrum of SF6 at room tenlpcraLurc. They ir,terprcLC1d
the changes 10 t)p du~ tO ColllslonlCSs irlLr~rnol[!CU]ar C]l(:rgy

rcdistrihuLion. We feel, however, thnt it more consistellL inLcr-
prcLaLion of thrir ditta is (he same inLcrmolucular energy trJlIti-
fer proccssics that WC!are postulating fur’ uur cxprrinmls. l’hc
“collisionlciis” naturr of, tht:ir reliix;lti~il Limes is au arLifticL
of the d*La reduction method Lht’y used,

~IIss al)d ][;lrLman114 otscrved some structurr in Lhrjr pulsr-
probr Sprctra L!I:I1 thc:f attrib.lLrd Lo two- and Lhrcc-photor]
resondnccx. W(’would CXpcct. to Her 1(!ss of tl,i~ eff{I(mL ill ollr

@xprrinlunLs bp~il[l~(? our pumj) frcqllrnry Wilti a~ LIIC penk of’ Lhr
oIIc-phoLon sprclrum, The miljor nlulLiptloLo[l resonances occur itL
lower frcqucll(mies .1:1’14

There nru LWO oth,?r prr)ccssr~ thut could in flucnrr Lhr
iuduucd sp(!cLrd aflcr long dulay Limes, TIICXCUYU V-T Lrtinsfcr



and diffusion. The latter dominates the spectra be!lond a few
hundred microse~onds (Fig. 9) and the former is too S1JW7 to
have more than a minor effe~t.

CONCLUSIONS

In these experiments we found that for some frequencies
saturation of the probe transitions alters the probe signals.
These saturation effecLs, along with Rabi splitting of states by
the pulsed laser, produce rapid transient signals for sume probe
freqtiencies.

The experiments irdicate that the initial distribution of
absorbed laser radiatio,l in a low pr?ssure, low kmperature SF6
sample is not thermal. The lasrr tends to produce mclre highly
excited molecules and to leave more unexcited molecules than
would be the case for a thermai distribution.

Rotational energy transfer also plays an important role in
the absorption and redistribution of laser radiaLi(]n, l%is
process is particularly imporLanL during the laser pIJlse.

The preliminary analysis cf Lhe pulse-probe daLa gavr liLlle
information about the inti-amolecuiar distribution of ahsorl.wd
laser radiation or t!le (collisi~llless) rate of approach of thiit

distribution LO a statisLic~! uric. Undcrstall(ling the exLcnL and
rate of intramu]ccnltir randomiziilion of vihraLiona] energy wou]rl

require a more thorough an~lysis, and pcrhilps, indu]icndcnL cxprr-
imenLs.

Wr feel Lh.?l intcrmolrculiir vit)raLion--to-vi~)rdLioll elicrgy
transtcr crintrihuL(!s sig[llficanl]y 10 L]I(’ II!lflxdtic)li of Lhill
cucr~y for o:lr Condiliull:+. WCcsLimaLrd thix V-V rcl:lxilLiou Limr
Lo hy l-2-ps Lorr in sys[cms Lh:ll do nol drvi;lLr Signifir:lnt]y
{iom equilibrium.
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